It is not uncommon that only mild coronary artery stenosis is grossly revealed after a system autopsy. While coronary artery spasm (CAS) is the suspected mechanism of these deaths, no specific biomarker has been identified to suggest antemortem CAS.
Background
Patients with coronary artery disease are susceptible to sudden death without any warning or with a short period of premonitory distress [1] . In the forensic autopsy, a finding of diseased coronary artery with over 75% stenosis could lead to a diagnosis of death by coronary atherosclerotic disease. However, a substantial number of sudden deaths have only revealed negative or mild luminal stenosis of coronary arteries after systematic examination of myocardium and epicardial coronary arteries. The cause of death is hence uncertain or probably due to antemortem coronary artery spasm (CAS) if any death trigger is identified [2, 3] .
The term CAS refers to a pathophysiological phenomenon that may cause myocardial infarction [4] and lead to circulatory collapse and death [5] . In clinical patients, angiographic examinations of the coronary arteries have shown that CAS particularly occurs in cases of variant or unstable angina [4, 6, 7] . Hearttype fatty acid-binding protein (h-FABP) and myocardial performance index (Tei index) have recently been proposed to be useful for early detection of ischemia coronary vasospasm induced by 5-Fluorouracil [8] . At forensic autopsies, the pathological diagnosis of antemortem CAS is difficult due to limitation of specific markers. From the limited available literature on CAS, only morphological changes within the coronary artery wall have been revealed by pathologists over the last decades. Factor et al. first proposed using the smooth muscle contraction bands in the media of coronary arteries as a postmortem marker of antemortem CAS [9] . Lin et al. further showed that morphological evidence of contraction of smooth muscle cells included typical lengthwise shortening of the cells and squeezing and folding of the nuclei, and after a comparative morphologic study of contraction of smooth muscle cells of hollow viscera, they concluded that these morphological changes could be applied to the diagnosis of CAS [10] . The internal elastic membrane and intimal folds were also shown to be morphologically changed after CAS [11] . The degree of folding was significantly greater in cases of coronary disease compared to those of noncoronary disease [1] . However, identification of these morphological changes is subjective and has interobserver variability. There is no unequivocal marker, to date, that would allow the objective diagnosis of CAS at autopsy.
Although endothelial dysfunction [12] , hyperreactivity of vascular smooth muscle cells (VSMCs) [13, 14] and adventitial inflammation (e.g., mast cell inflammation) [15] have been proposed to constitute the substrate for susceptibility to CAS, hyperreactivity of VSMCs has been regarded as the most influential one [16] . Various vasoactive stimuli, such as acetylcholine (ACh), 5-hydroxy tryptamine (5-HT), and prostaglandin F2a (PGF2a), can lead to vasoconstriction or CAS through direct stimulation of VSMCs [17] [18] [19] . Despite the complex system of intracellular pathways that control the VSMCs contraction, phosphorylation of myosin light chain (p-MLC) is one of the most important steps [20] . Myosin is a hexamer composed of 2 identical heavy chains and 2 pairs of light chains (MLC1 and MLC2). MLC2, also known as myosin regulatory light chain (MRLC or RLC, LC20), is phosphorylated (phosphor-MLC2, or p-MLC2) at Thr18 and Ser19 by myosin light chain kinase (MLCK) in a Ca 2+ /calmodulin-dependent manner. This phosphorylation is correlated with myosin ATPase activity and smooth muscle contraction [21] , and dephosphorylation by protein phosphatases (PPs) decreases muscular tone [22] .
The present study aimed to investigate the potential of using p-MLC2 as a molecular marker for diagnosing antemortem CAS at autopsy. To this end, the p-MLC2 level was initially determined in VSMCs exposed to a series of vasoconstrictors with incremental doses and in a rat model of coronary spasm provocation tests. The association between p-MLC2 level and VSMCs contractile activity was then assessed based on the arrangement of myofilament within cytoplasm. The p-MLC2 level was also examined in coronary arteries from forensic cases that had only mild coronary artery stenosis. This is the first report to propose that p-MLC2 could serve as a molecular marker of antemortem CAS.
Material and Methods

Human samples and ethical statements
Four fatal cases that were diagnosed as cardiac deaths due to coronary artery spasm were obtained from the Department of Forensic Medicine, School of Basic Medical Sciences, Fudan University. These cases had only grossly mild coronary artery stenoses. For each case, the coronary artery at the diseased segment and the adjacent heart tissues were collected. Written informed consent to use these samples for research purposes was obtained from each deceased patient's family members. Samples were collected in accordance with the Helsinki Declaration. Permission to use human samples was obtained from the Institutional Review Board at the School of Basic Medical Sciences, Fudan University. For animal experiments, the protocol was approved by the Ethics Committee of Shanghai Medical College, Fudan University. All efforts were made to minimize suffering.
Cell culture and treatment
Human vascular smooth muscle cells (VSMCs) were kindly provided by Dr. Ning Sun from the Department of Pathophysiology, School of Basic Medical Sciences, Fudan University and maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Los Angeles, CA, USA) supplemented with 5% fetal bovine serum (FBS) (Gibco). The reagents PGF2a, ACh, and 5-HT were purchased from Sigma Co. (St Louis, MO, USA) and diluted to each working solution based on experimental designs; VSMCs were then treated with PGF2a, ACh, or 5-HT, respectively, in distinct doses for a fixed time or for distinct exposure time for a fixed dose.
Immunohistochemistry (IHC) analysis
IHC staining was performed as previously described [23] . Briefly, coronary arteries and the adjacent heart tissues were formalinfixed for a week. Samples were then paraffin-embedded and cut into 4-μm slides, which were subsequently subjected to antigen retrieval by heating the slides in a microwave at 100°C for 10 min in 0.1-M citric acid buffer (pH 6.0). Slides were then incubated with the primary antibody against MLC2 (phosphorSer 19) (Catalog: 11114, Signalway Antibody Co., College Park, MD, USA) at 4°C overnight. A horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (Catalog: ab6721, Abcam Co., Cambridge, UK) was then incubated with the slides at room temperature for 1 h. Immunoreactivity was developed in 0.05% diaminobenzidine (DAB) containing 0.01% hydrogen peroxidase (H 2 O 2 ).
Spasm provocation tests in rat coronary artery
To assess the p-MLC2 level in spastic coronary artery in vivo, male adult Sprague-Dawley (SD) rats (260 g per rat, n=6) were bred and maintained at the Institute of Laboratory Animal Sciences, Shanghai Medical College, Fudan University. Rats were randomly subgrouped into a vehicle (PBS)-injected control group (n=3) and a 5-HT-injected group (n=3). After rats were anesthetized using 10% chloral hydrate, the heart of each rat was exposed and the left mainstem coronary artery was located. For the experimental group of rats, 1 ml of 5-HT (3 mM/L) was injected into the left mainstem coronary artery, whereas an equal amount of PBS (0.01 mol/L) was injected into the control group of rats. The protocol for provocation of coronary artery spasm was consistent with that of previous reports [24, 25] . Two minutes after injection, all rats were sacrificed and the corresponding coronary arteries and adjacent heart tissues were collected and subjected to IHC analysis.
Western blot analysis
After exposure to vasoconstrictors for indicated times, VSMCs in a 100-mm culture dish were lysed at 4°C using lysis buffer (10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 1 μg/mL leupeptin, 1 μg/mL pepstatin, 1 μg/mL aprotinin). Concentration of total cell proteins was determined by the bicinchoninic acid (BCA) method. Total proteins were then loaded onto a 12% SDS-PAGE gel and transferred to the nitrocellulose membrane (Millipore, NY, USA) by the electrophoretic transfer system (BioRad, NY, USA). After blocking in 5% fat-free milk for 1 h, the membrane was incubated with specific primary antibody against MLC2 (phosphor-Ser 19) (Catalog: 3675, Cell Signaling Technology, Boston, MA, USA) at 4°C overnight. The bound antibody was visualized using the respective HRP-conjugated secondary antibody (Catalog: ab6789, Abcam) and enhanced chemoluminescent autoradiography (ECL kit, Amersham, Pittsburgh, PA, USA). Glyceraldehyde-phosphate dehydrogenase (GAPDH) was synchronously developed as a loading control. The bands of Western blotting were quantified by densitometry measurement using gene tools from Syngene.
Confocal immunofluorescence (IF) assay
The protocols for IF assay were in accordance with previous descriptions [26] . Briefly, VSMCs with distinct treatments were mounted on cover slips and allowed to grow until 80% confluence. After blocking with normal goat serum (Catalog: AR0009, Boster Biotech. Wuhan, China), cells were incubated with mouse monoclonal MLC2 antibody (Phospho-Ser19) (Catalog: 3675, Cell Signaling Technology, Boston, MA, USA). Slides were then washed with PBS, and incubated with the DyLight 594 AffiniPure Goat anti-Mouse (red) secondary antibody (Catalog: E032410-01, EarthOx Co., San Francisco, CA, USA) at room temperature for 45 min. Finally, cover slips were re-dyed in DAPI solution (1mg/L) containing 50% glycerol. Slides were visualized under a confocal fluorescence microscope (Leica TCS SP5, Germany).
Statistical analysis
Data were calculated as means ± standard deviation (SD). Statistical significance was determined by using the Student's t-test. A two-tailed value of p<0.05 was considered statistically significant.
Results
Treatment of human VSMCs with PGF2a, ACh, and 5-HT increases the p-MLC2 levels
To assess the p-MLC2 level in cultured VSMCs, the common vasoconstrictors PGF2a, ACh, and 5-HT were added to culture medium in distinct doses or for specified times. Upon these vasoconstrictor treatments, VSMCs did not exhibit significant changes in total protein level of MLC2 (data not shown). However, with the treatment of PGF2a, VSMCs showed increases of the phosphorylated MLC2 (p-MLC2) level, with its highest level at the PGF2a dose of 30 μM/ml ( Figure 1A) . At the fixed dose of 30 μM/ml, MLC2 exhibited a bell-shaped phosphorylation level in a consecutive treatment time, with the highest p-MLC2 level at 15 min after treatment ( Figure 1B 
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treatment of ACh, VSMCs showed elevated p-MLC2 levels as the doses increased up to 0.5μM/ml, after which the p-MLC2 began to decrease in VSMCs ( Figure 1C ). While VSMCs were treated with ACh at a constant dose of 0.5 μM/ml, it was observed that the MLC2 was remarkably phosphorylated after 3-min treatments ( Figure 1D ). Treatment of VSMCs with 5-HT also increased the p-MLC2 level, with its highest level exhibited by a concentration of 3 μM/ml ( Figure 1E ). Furthermore, under the constant dose of 3 μM/ml of 5-HT, the MLC2 also exhibited a bell-shaped phosphorylation level, with the highest p-MLC2 level at 2 min after treatment ( Figure 1F ). These data suggest that vasoconstrictors could potentially increase the p-MLC2 levels in a dose-dependent manner in VSMCs. Phosphorylation of MLC2 is time-sensitive -short-term exposure favors phosphorylation and long-term exposure results in dephosphorylation of MLC2.
MLC2 is hyper-phosphorylated in spasm provocation tests in rats
Next, the p-MLC2 level was assessed in spasm provocation tests. Coronary artery spasm (CAS) was initially induced through intracoronary artery injection of 5-HT in experimental rats. IHC analysis revealed that the coronary artery at the PBS-injected segment was negative for p-MLC2 (Figure 2A ). In contrast, the coronary artery at the 5-HT-injected segment showed strongly positive staining of p-MLC2. The positive p-MLC2 was mainly concentrated in the tunica media ( Figure 2B ). In addition, the adjacent interstitial small artery was also absent of p-MLC2 staining in control group ( Figure 2C ), whereas it showed a rim of positive staining of p-MLC2 around the small artery wall in 5-HT-injected rats ( Figure 2D ). These data supported the above in vitro observations and suggested that contraction of VSMCs was associated with higher levels of p-MLC2.
Increased p-MLC2 level promotes VSMC contractile activities in vitro
Subsequently, effects of MLC2 phosphorylation on VSMCs contraction were assessed in vitro. As MLC2 is a component of cytoskeleton (myofilament), the arrangement of myofilament could be revealed by staining of p-MLC2 using confocal immunofluorescence assays. When VSMCs were exposed to PGF2a (30 μM/ml), myofilament (represented by p-MLC2) was gradually lined up in the same direction with the exposure time increasing up to 15 min ( Figure 3A) . The synclastic orientation of myofilament suggested a strong contractile activity; therefore, this observation suggested that contraction of VSMCs was promoted soon after phosphorylation of MLC2. As evidenced by Figure 1 , longer exposure to vasoconstrictors could lead to decreased p-MLC2 levels (dephosphorylation process). Hence, extending exposure time was utilized here to mimic the dephosphorylation of MLC2. We observed that exposure to PGF2a for 20 min led to less-organized myofilament as compared with 15-min exposure ( Figure 3A) , indicating that after 15 min, dephosphorylation of MLC2 occurred and might blunt p-MLC2-mediated cell contraction. Similarly, the best organization of myofilament was observed by exposure of VSMCs to ACh for 3 min ( Figure 3B ) or to 5-HT for 2 min ( Figure 3C ) when myofilament was arranged in an ordered direction and was brightly revealed. With extended exposure time, the fluorescence dimmed and the arrangement of myofilament became disarrayed ( Figure 3B, 3C) . These observations suggest that increased p-MLC2 level promotes the contractile activities of VSMCs, while dephosphorylation of MLC2 (by increasing exposure time) blunts its phosphorylation-mediated VSMCs hyperreactivity.
MLC2 is highly phosphorylated in cardiac deaths due to coronary artery spasm
Thereafter, the p-MLC2 level was assessed in human coronary arteries from autopsied cases with the cause of deaths as cardiac deaths due to known antemortem CAS. Mild coronary luminal stenosis was grossly observed in these cases. Characteristics of the 4 cases are summarized in Table 1 . The first 3 cases were all mildly occluded by atherosclerotic plaques in the left anterior descending artery (LADA). In Case 1, it was observed that p-MLC2 was positively stained around the coronary artery wall ( Figure 4A, 4B) . Adjacent to the stenosed LADA, the interstitial small artery also showed a rim of strong staining of p-MLC2 ( Figure 4C ). In Cases 2 and 3, a thrombus was observed within the lumina of LADA and showed positive staining of p-MLC2. Most importantly, p-MLC2 was strongly positively stained within the tunica media of LADA in Case 2 ( Figure 4D , 4E) and Case 3 ( Figure 4G, 4H) . The interstitial small artery, which is located adjacent to the diseased coronary artery, consistently showed strongly positive staining of p-MLC2 in Case 2 ( Figure 4F ) and Case 3 ( Figure 4I ), reinforcing the picture of the high phosphorylated level of MLC2 in mildly stenosed coronary arteries. However, Case 4 which was stenosed at both the LADA (Figure 5A , 5B) and right coronary artery (RCA) ( Figure 5D, 5E) , showing negative-to-mildly-positive staining of p-MLC2. The corresponding interstitial small artery was consistently revealed to be barely positive for p-MLC2 ( Figure 5C for LADA, and Figure 5F for RCA). The absence of p-MLC2 at the stenosed coronary segment and adjacent interstitial small artery wall might be due to the late autopsy time after death (6 days), which can result in dephosphorylation of MLC2 if delayed. Taken together, these data suggest that 75% of cases (3 out of the 4) showed significantly positive staining of p-MLC2 in autopsied cases with no significant pathologic findings other than mild coronary artery stenosis. . MLC2 is highly phosphorylated in sudden cardiac deaths with mild coronary artery stenosis. In Case 1, the p-MLC2 was positively stained around LADA wall (A) with a focally magnified view in (B). Adjacent to the stenosed LADA segment, the interstitial small artery was also positively stained of p-MLC2 (C). In Case 2, the p-MLC2 was strong-positively stained around the LADA wall (D) with a focally magnified view in (E). Adjacent to the stenosed LADA segment, interstitial small artery was also positively stained p-MLC2 (F). In Case 3, the p-MLC2 was strong-positively stained around the LADA wall (G) with a focally magnified view in (H). Adjacent to the stenosed LADA segment, the interstitial small artery also had positively stained p-MLC2 (I). Magnification: 100× for upper images and 400× for bottom images. Red arrows indicate strongly positive staining.
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Discussion
Despite the predisposition of coronary artery disease to circulatory collapse and death by coronary artery spasm (CAS), no specific molecular marker has been identified to suggest an antemortem CAS at autopsy [9] . The diagnosis of antemortem CAS in patients with coronary artery diseases is made mainly based on comprehensive evaluation of information, including clinical angiographies (if any), premonitory distress, spastic triggers (e.g., catecholamine rapid rise by physical or mental stress), and morphological changes of the coronary artery wall. The present study investigated the potential of using p-MLC2 as a molecular marker of antemortem CAS.
Our data initially showed that common vasoconstrictors such as PGF2a, ACh, and 5-HT increased the p-MLC2 levels in human VSMCs. Spasm provocation tests also showed that the p-MLC2 level was consistently elevated in spastic coronary arteries of rats. These data indicated that hyper-phosphorylated MLC2 was accompanied with smooth muscle contraction induced by vasoconstrictors. We further assessed the effects of MLC2 phosphorylation (via short-term exposure to vasoactive stimuli) and dephosphorylation (via long-term exposure) on contraction of VSMCs by assuming the cause-effect relationship between increased p-MLC2 level and smooth muscle contractile activity. The function of MLC2 depends largely on its phosphorylation by myosin light chain kinases (MLCK) [27] at both Ser 19 and Thr 18 sites [28, 29] , but fades after dephosphorylation by myosin light chain phosphatase (MLCP) [30] . Phosphorylation of MLC2 at either site leads to activation of intracellular cytoskeletal contraction-relaxation cycles and favors contractile activity [31, 32] , whereas dephosphorylation of MLC2 slows relaxation of arterial smooth muscle [28] and improves vascular endothelial dysfunction [32] . Based on our observations in Figure 1 , MLC2 in VSMCs with short-term exposure to vasoconstrictors was phosphorylation-dominant, whereas it was more likely dephosphorylated if exposure time was extended. Hence, short-term and long-term exposures were used to mimic endogenous phosphorylation and dephosphorylation, respectively, of MLC2 in VSMCs. Our results
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Figure 5. MLC2 is barely phosphorylated in Case 4. In the LADA, although the lumen was mildly stenosed, p-MLC2 was barely detected under low (A) and high (B) magnification views. Adjacent to the LADA with lesions, the interstitial small artery was also barely stained with p-MLC2 (C). In the RCA, p-MLC2 was barely detected under low (D) and high (E) magnification views. Adjacent to the LADA with lesions, the interstitial small artery was also barely stained with p-MLC2 (F). Magnification: 100× for upper images and 400× for bottom images. Blue arrows indicate mildly positive staining. Magnified insets at right bottoms of (B) and (E) highlight the almost negative staining of p-MLC2 within coronary artery walls. show that short-term exposure to vasoconstrictors (phosphorylation-dominant) led to increasingly arranged myofilament (as developed by p-MLC2), whereas long-term exposure (dephosphorylation of MLC2) resulted in disarrayed myofilaments and dimmed fluorescence. These observations support our hypothesis that phosphorylation of MLC2 accounts for the hypercontractile activity of VSMCs, consistent with previous reports that attributed smooth muscle contraction to phosphorylation of MLC2 [21, 28] .
One great novelty of this study was that we evaluated the potential of using p-MLC2 as a diagnostic marker for antemortem CAS at autopsy. Four autopsied cases that had known antemortem CAS and death triggers were obtained. Mild coronary stenosis was grossly observed in these cases. Using the IHC analysis, we found that 3 out of the 4 cases showed strongly positive staining of p-MLC2 at both the occluded coronary segment and adjacent interstitial small arteries. Positive staining of p-MLC2 was mainly accumulated in the tunica media around artery wall, which is of great supportive value since VSMCs are histologically lined up predominantly in the tunica media. Of note, the fourth case, with coronary artery stenosis at both RCA and LADA, showed barely positive staining of p-MLC2. Delayed autopsy in this case (6 days after death) might be assumed. Phosphorylation itself is time-sensitive and reversible [33] . It has been shown that kinases may be altered and thus imbalance the phosphorylation/dephosphorylation processes after death [34] . Our in vitro assays also supported that long-term exposure to vasoconstrictors favored dephosphorylation of MLC2 in VSMCs. Hence, delayed autopsy might be a factor involved in the negative identification of phosphoproteins. Autopsy should be initiated as soon as possible in deaths suspected of CAS. In all, the high positive rate of p-MLC2 (75%) in these patients with nonlethal coronary artery disease shows the importance of additional analysis such as p-MLC2 detection in cases that would be otherwise diagnosed as sudden infant death syndrome (SIDS) or sudden unexpected nocturnal death syndrome (SUNDS) [35] . Routine detection of p-MLC2 using IHC might be beneficial in the diagnosis of antemortem CAS.
Interestingly, thrombi in the lumina of the coronary artery also showed strongly positive staining of p-MLC2, as seen in Case 2 and Case 3. Thrombus is mainly composed of red blood cells, platelets, and fibrin, with the absence of VSMCs. The strong positive staining of p-MLC2 found in thrombi after coronary artery stenosis merits further investigation.
There are several limitations to the present study. We only collected 4 autopsy cases. The time-based detection of p-MLC2 should be conducted in a larger human sample size with different autopsy times after death. 
Conclusions
The present study showed p-MLC2 levels were increased in vasoconstrictors-treated VSMCs and in spasm provocation tests. The strongly positive staining of p-MLC2 in 75% of cases with antemortem CAS strongly suggests the usefulness of p-MLC2 as a postmortem diagnostic marker of antemortem CAS at autopsy. Unlike the morphological changes occurring after CAS [1, [9] [10] [11] , p-MLC2 could serve as a molecular marker that avoids interobserver variability and hence confers objectivity. Autopsy should be initiated as soon as possible in deaths suspected of CAS.
